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Highlights
 TGA and DSC were used to assess the decomposition and phase behaviour of PMMA.
 Gas phase was analysed through FTIR.
 Mechanism of the thermal decomposition of PMMA was proposed.
 Kinetic parameters were calculated by employing a Genetic Algorithm.
 Model was validated for different oxygen concentrations (10.5 and 15 vol.%).
ABSTRACT
Modelling of spread of fires and their extinguishment in solid materials still present a significant
challenge. In order to reliably predict the behaviour of a material in a fire scenario, an adequate
description of the processes occurring at the gas/solid interface is highly crucial. In this context,
those  fire  scenarios  involving  polymeric  materials  are  of  primary  importance  because  of  their
increasing use as components in buildings and in transportation. The purpose of this study is to
propose an accurate model for the thermal degradation of polymethyl methacrylate (PMMA) by
primarily  using thermogravimetric  analysis  (TGA).  TGA in non-isothermal conditions,  together
with  Fourier-transform  infrared  spectroscopy  (FT-IR),  was  applied  to  investigate  the  thermal
degradation of black PMMA in inert (nitrogen) and oxidizing (air) atmospheres, at different heating
rates. The volatile degradation products as well as mass loss history provided sufficient information
regarding the kinetics and possible degradation mechanisms of PMMA. A genetic algorithm (GA)
was  applied  to  estimate  the  kinetic  parameters,  which  showed  an  excellent  agreement  with
corresponding experimental observations for several heating rates and at different atmospheres (0,
10.5, 15 and 21vol. %O2).
KEYWORDS: polymethyl  methacrylate,  thermogravimetric  analysis,  Fourier-transform infrared
spectroscopy, mechanism of degradation, gaseous phase, pyrolysis model
NOMENCLATURE LISTING
Symbol
m mass (mg) HF heat flow (mW)
Mn number average molecular weight (g/mol) GA genetic algorithm
Mw weight average molecular weight (g/mol) ɸ fitness
T temperature (°C) ω´i reaction rate
TG thermogravimetric α α-PMMA
w weight (wt.%) β β-PMMA
Cp heat capacity (Jg-1k-1) γ γ-PMMA
TGA thermogravimetric analysis ε ε-PMMA
PDI polydispersity index α degree of conversion or 
degradation
MLR mass Loss Rate (ms-1) g gas
MM
A
methyl methacrylate p pyrolysis
SEC size exclusion chromatography r residue
TDT thermal degradation temperature Sap sapphire
FTIR Fourier transform infrared spectroscopy 0 initial
ρ density (kgm-3) t time (s)
n order of the reaction ѵ reaction stoichiometry
A pre-exponential factor (s−1) Ea activation energy (Jmol−1)
k reaction rate constant (s-1) β heating rate (°Cmin-1)
msap mass of sapphire (g) Cp sap heat capacity for the sapphire 
(Jg-1k-1)
yO2 mass fraction of oxygen HFsap heat  flow  for  the  sapphire
(mW)
1. INTRODUCTION
Over  the  past  several  decades,  polymeric  materials  are  being  increasingly  used  as  building
components,  house-hold  articles  and in  transportation.  However,  these  materials  can  be  highly
combustible under degradative conditions and in oxidative atmospheres. Thus, it is important to
understand how polymers behave in a fire scenario, and also to be able to explain the complex
physio-chemical processes and associated coupling of the reactions between condensed and gas
phases that lead to a sustainable flaming combustion.
 
Generally, fire safety investigations are commonly done using specific models of simulation. In
these models, the thermal effect is investigated through a “model of pyrolysis”, where degradation
of  solid materials  is treated classically.  For  instance,  the  calculations follow directly  from heat
release rates, where the effective heat of combustion is treated as a constant, or a   kinetic model is
assumed  permitting  calculation  of  the  mass  loss  rate  using  a  global  reaction  (generally  an
Arrhenius-type reaction with one or two steps) [1-3]. The above assumptions could generate several
errors, notably through a poor description of the rate process(s), and also owing to the fact that the
thermal degradation of different fuels takes place in several steps (not necessarily by one or two
steps). 
The  kinetics  of  degradation  of  solid  fuels  can  be  described  by  different  models  of  different
complexities. They can be also divided into two main categories: simple one-step global models and
detailed  degradation  models  (with  multi-step  reaction  mechanisms  and  semi-global  reaction
mechanisms). However, the chemical processes underpinning these models are not generally well
understood. In order that these models to be implemented, a set of apparent kinetic parameters are
needed  to  be  determined  for  each  step  of  the  degradation  process.  On  the  contrary,  often
degradation kinetic data are only empirical in nature, and are considered in most cases to be a first-
order reaction, with little or no justification behind this choice [1-3]. In actual practice, an accurate
determination of the kinetic parameters of material undergoing thermal degradation is crucial for
predicting its behaviour in a fire. 
The overall  aim of  the  present  study is  to  propose  a  new model  of  pyrolysis  by employing a
systematic  and thorough  analysis  of  various  attributes  of  degradation  of  PMMA. The  primary
objective is to determine the various steps of the degradation and subsequently to describe the rate
of each degradation reaction with a view to proposing the best realistic model possible. Over the
past ten years, newer approaches to model the pyrolysis of different fuels have been proposed and
developed, notably by Rein et al. [4-5], Lautenberger et al. [6], and Matala [7]. These studies used a
similar  methodology-  i.e.  from  the  evolution  of  the  mass  loss  rates,  obtained  during  TGA
investigations,  the authors proposed various mechanisms of degradation and then calculated the
kinetic parameters for each of such reactions. However, the main drawback of such investigations
was that none of them gave due consideration regarding the gaseous phase component(s).   In fact,
it is crucial to gauge the gaseous products of combustion, as this would enable one to formulate the
degradative steps involved in the condensed phase that led to their production in the first place.
Therefore, a close examination of both the solid and gaseous phases is pivotal  in developing a
scientifically robust and reliable thermal degradation model. 
Thermogravimetric analysis (TGA) is the most conventional measurement technique to study the
decomposition of materials [8]. This technique, generally, provides information that allows one to
infer the probable decomposition mechanisms of solid materials in pre-set experimental conditions.
In the present study, TGA technique was coupled with a Fourier-transform infrared spectroscopy
(FTIR) in order to derive the rate parameters and to elucidate the kinetics of the mass loss rate of
the solid.  The technique also,  in tandem, enabled us to  identify the major gaseous species that
emanated from the degrading solid substrate in real time. Thus by coupling data obtained from both
phases allowed us to describe the decomposition mechanism(s) that are in agreement with the most
probable  physiochemical  processes  accompanying  the  degradation  of  PMMA.  Credible  and
scientific analyses of the changes in solid phase, as well as the real time of analyses of gaseous
components as a function of time (or temperature), are rarely reported  in the literature.  
In the present work, we focussed our efforts to clarify the thermal degradation and kinetic processes
of non-charring thermoplastic polymers, such as PMMA, which has already been the subject of
numerous  publications  [9-19].  The  mechanisms  and  kinetics  of  the  processes  underlying  the
degradation  of  PMMA have  been  examined  by  employing various  techniques,  and also  under
several environments that included vacuum, nitrogen, oxygen, argon and helium. However, there
are only fewer reports in the literature regarding its degradation studied under normal atmospheric
conditions (i.e. air as the medium) [6, 10, 13, 15-16]. It should be also noted that such reports also
widely differ in the identification of the number and nature of various degradative steps. Generally,
it is established for PMMA that the thermal degradation is initiated by the scission of weaker links
(for example, at the end-groups) and random scissions, followed by a de-propagation step, and a
first-order termination reaction.  PMMA also undergoes almost complete degradation,  leading to
little or no char.  However, a very nominal amount of char can be formed by the elimination of
methoxycarbonyl  side  chains,  under  an  oxidative  atmosphere,  between 370-420°C.  It  is  highly
relevant to note here that the disagreement with regard to the degradation steps and/or associated
products,  among various reports,  could primarily stem from the fact that solid substrates under
consideration could widely vary in terms of their micro-structures and morphology.  For instance,
the molecular weights and its distribution, micro and nature and distribution of minor structures,
weak linkages, nature of end groups, etc. could all vary amongst the substrates that were studied.
However, by and large, PMMA is considered to yield almost quantitative yield of its monomer
through a first order degradative pathway.  
2. MATERIALS AND METHODS
 
Generally, unmodified PMMA is a colourless and transparent material, but for some applications
where a colour is required, an appropriate additive (i.e. a colourant) is added. In the present work
virgin polymer, mixed with a colourant (black), was used. This sample is often referred to as black
PMMA,  or  Altuglas,  and  was  supplied  by  Vacour  company  (see  Table  1  for  the  elemental
composition). The molecular weights and their distribution were obtained through size exclusion
chromatography (SEC) using an Agilent Technologies instrument which was previously calibrated
with a polystyrene standard. Samples of 25 and 70 mg (1 and 2 in Table 2) were dissolved in the
chloroform and then were  injected  in  SEC instrument.  Table  2  also  furnishes  number  average
molecular weight (Mn), weight average molecular weight (Mw) and polydispersity index PDI (PDI
used as a measure of the broadness of a molecular weight distribution of a polymer, and it is the
ratio of Mw over Mn).  
3. Experimental procedures
The TGA-DSC/FTIR system consisted of a Mettler-Toledo TGA/DSC1 thermo-balance coupled to
a Nicolet Nexus Fourier transform infrared spectrometer. Powdered samples of the virgin PMMA,
having masses ranging from 5 to 7 mg, were heated from room temperatures to 1000°C, at heating
rates of 5, 10, 15 and 20°C/min. The experiments were conducted in a nitrogen atmosphere, or in
air, as the case may be, at a flow rate of 90 mL/min. All parts of the transfer line for carrying the
evolved gases were maintained at 230°C with a view to avoiding condensation of the gases. IR
spectra were recorded in the spectral range of 4000-650 cm-1 with a 4 cm-1 resolution, and were
averaged over16 scans. For the kinetic work, we used the normalized thermogravimetric weight loss
curves (TG), and first derivatives (with respect to time) of the weight loss curves (DTG), that were
initially recorded as a function of time at fixed heating rate(s). The degradation profiles were also
followed from the analysis of the evolved volatile products. The residual masses (wt.%) from TGA
under  air  atmosphere  were  found  to  be  in  the  order  of  1%,  and  no  residues  under  nitrogen
atmosphere were observed.
It  was also observed that the sample sizes and gas flow rates had no noticeable effects on the
profiles of the thermograms obtained. Moreover, any apparent diffusion effects owing gaseous or
volatile  species,  with  the  temperature  ramping,  were  also  found  to  be  absent  throughout  the
experimental  runs.  Therefore,  influences  of  such  factors  on  the  input  parameters  for  kinetic
calculations can be considered to be a minimum, if at all present.  Therefore, by closely following
the profiles of the thermograms and correlating this with the composition and nature of the evolved
gases, decomposition kinetics could be deduced with more certainty.
4. RESULTS AND DISCUSSION
4.1. Repeatability of the TGA experiments
All the TGA runs were done in duplicate to check their reproducibility (see for example the two
curves in figure 1; heating rate 20 °C min-1 under nitrogen).
4.2. Heat capacity and the transition temperature of Black PMMA
 
Figures  2  shows  the  differential  scanning  calorimetric  (DSC)  traces  that  primarily  depict  the
enthalpy changes associated with transitions, for example, reversible changes like glass-transition.
Generally about 20 mg of the test material is accurately weighed into aluminium pans and then
sealed  before  loading  on  to  the  calorimeter.  The  runs  are  generally  performed  in  an  inert
atmosphere, usually in nitrogen, with a pre-set heating rate. In order to eliminate any irreversible
transitions, the experimental run and repeated for each material.
Measurements were performed with a heating rate 10°C min-1 under dry nitrogen gas with a flow
rate of 50 mL min−1in a DSC instrument. The initial sample mass of the sample was 20.1 mg. Figure
2 depicts the variation of the heat flow as a function of temperature.   As can be seen from the
figure, the test was done in duplicate to check reproducibility.  
The nature of dependence of heat capacity on temperature can be inferred from the result of the
above experiment. In fact, DSC measures the differential heat flow to the sample, in comparison to
an empty reference pan, by measuring the temperature difference between the sample and reference.
The reference and sample crucibles are placed on a sample carrier within a furnace of cylindrical
geometry, which generates heat radially toward the centre. Temperature measurements are done by
thermocouples in contact with each crucible. One thermal element is shared between the crucibles
allowing the temperature difference to be measured as a voltage. Three measurements are necessary
for calculating specific heat. First a “baseline” is recorded with the empty pans, yielding a signal
bias inherent in the system. Secondly, a reference test is performed in which a sample with a known
specific heat is tested for comparison purpose (for example,  sapphire).  Finally,  an experimental
sample is tested. The “baseline” allows deduction of any system bias from data, while the reference
test  allows  calculation  of  specific  heat  capacity  of  the  experimental  sample  as  a  ratio  of  the
reference material’s specific heat.
The heat capacity can be then calculated as follows:
 
C p=
HF. msap
m. HFsap
. Cp sap                             (1)
Where Cp is the heat capacity for the sample (Jg-1k-1); HF is the heat flow for the sample (mW); msap
is the mass of sapphire (g); m is the mass of sample (g), Cpsap is the heat capacity for the sapphire
(Jg-1k-1).
Figure 3 shows the heat capacity of the PMMA sample as a function of temperature- as can be seen,
the relationship is almost linear until about 110°C and then increases sharply with further increase
in temperature.  This phenomenon can be attributed to polymer melting/glass transition, or owing to
the start of the thermal degradation/volatilization of very small chain segments, if present. 
Heat  capacity values for PMMA varies to some extent, as reported previously in the literature [20-
22] , and these variations can be partially due to the differences in the temperatures quoted (for
example, 1.33 Jg-1C-1 at 25°C and  1.42 Jg-1C-1 at 20°C ) [21, 22].  In addition, the values also found
to be somewhat dependent on the tacticity of polymer chains as well (between 1.6 and 2 Jg -1C-1  at
100°C) [21].  In the present work, heat capacity value obtained at 100oC was 1.6 Jg-1C-1, which is in
the lower end of the range of values reported in the literature [21].  Generally from the figure 3, the
heat capacity values between the 0 °C and 100 °C can be obtained by the following equation:
 
CP=0.0044T+1.196                            (2)
Where Cp is the heat capacity (Jg-1k-1) and T in the temperature (K). 
4.3. Determination of the glass transition temperature of PMMA
Glass transition is a reversible change occurring when an amorphous polymeric material is heated
or cooled through a particular temperature range, and can be considered as a dynamic phenomenon.
Such a transition is characterized by the glass transition temperature,  Tg. Generally on cooling, a
polymeric material becomes more brittle (i.e. less elastic), like a glass, and on heating it becomes
more elastic and softer. In the case of thermoplastics, glass transition corresponds to the region
above  which  the  material  can  be  moulded.  The  glass  transition  is  a  kinetically-controlled
phenomenon,  and measured values  of  the  glass  transition  depend on the  cooling rate,  thermo-
mechanical history of the sample and also the way in which it is measured- say for example, the
exact  locations  along  a  thermogram  obtained  through  a  DSC  run.  This  means  that  the  glass
transition  temperature  depends  on  the  measurement  conditions  and  cannot  be  very  accurately
defined,  or  determined  using  the  DSC technique.  In  this  study,  only  one  glass  transition  was
observed around a temperature of 113˚C, which is different to value reported in literature 105˚C
[22] and 99.3°C [23], but  is closer to 99-114°C, given elsewhere [24]. These variations could be
attributed  to  the  differences  in  chain  lengths  (molecular  weights  and  their  distribution)  of  the
polymeric sample in question.
4.4. Degradation studies of Black PMMA by TGA measurement in nitrogen 
Figure 4a depicts the thermograms of virgin PMMA sample under nitrogen atmosphere, which also
indicates the onset of the degradation (around 150-450°C). It can be also seen that as the heating
rate is increased, the temperature range at which degradation starts also moved slightly to a higher
temperature region, and that the sample is almost completing degraded towards the end of the TGA,
leaving little or no char residue. 
The corresponding derivative curves (DTG) for PMMA are shown in figure 4b. A closer inspection
of the DTG curves seems to suggest that the degradation process in nitrogen is not entirely through
a single step.  In fact, smaller shoulders immediately prior to the main degradation step can be
identified. Manring et al. [9-11] and Kashiwaghi et al. [12-13] have studied in detail the degradation
processes of PMMA. Ferriol et al. [15] also observed similar profile for the thermograms.  It is
believed that  the  thermal  degradation  of  PMMA proceeds  through three  to  four  steps,  but  the
primary steps involve  end-chain scissions around 360°C and random scissions around 400°C. The
subtle differences in the profiles of thermograms reported by various authors could stem primarily
from differences in the sample in terms the molecular weights, their distributions, microstructural
features of the polymer chains, and possibly from varying instrumental conditions and purity of the
nitrogen gas used. 
The final step in the thermograms (around 410°C) can be attributed to further fragmentation and
subsequent volatilization of carbon-rich residues, and the amount of residue never exceeded 1wt. %
in any case. Holland and Hay [18] observed higher amounts of char residues, and this could result
from the elimination of methoxycarbonyl side-group producing char precursors (i.e. unsaturated
conjugated system).
 
Closer  examination  of  the  curves  also  reveals  that,  under  all  heating rates,  the  mass  loss  rate
comprise  two peaks separated by  about  30°C.  In  addition,  it  can  be  noted that  under  an  inert
atmosphere of nitrogen, the intensity of the second peak is higher than that of the first peak. Mass
loss rates increase more readily from temperatures ranges between 300 and 350°C, and take place
until a temperature reaches 400 to 470°C range, depending on the heating rate. These observations
agree with those reported by Ferriol et al. [15].
4.5. Degradation studies of Black PMMA by TGA in air 
Figure 5a shows the TGA curves for the thermal degradation of PMMA conducted under air at
various  heating  rates.  Here  again,  the  mass  of  the  residue  obtained at  the  end of  each  run  is
negligible over all heating rates. Regardless of the heating rate, decomposition of material occurred
in the temperature range of 250-400°C. Furthermore, it was found that the degradation takes place
in one major step in air as reported by Wight et al.  [16].
It should be noted here that the actual profiles and salient features of the thermograms were more
obvious  in  the  first  derivative  plots,  as  shown  in  figure  5b.  Generally  as  compared  to  the
corresponding plots in nitrogen, those in air did reveal the presence of multiple steps, and generally
appeared somewhat more complicated. These additional features could be attributed to additional
degradative steps of an oxidative nature occurring in air [6, 10, 15].   In Fig. 5b, it is also evident
that the onset of the first step degradation is around 245°C. 
For the smaller heating rates of 5 and 10°C/min, the mass loss rate (MLR) evolutions are similar,
with an accompanying scaling factor between the two curves. At temperatures about 300 to 330°C,
the MLR becomes more predominant feature in the upper temperature region.  At the heating rate of
5°C/min, two small mass losses below 300°C are also visible. This can be attributed to either very
small chain fragments in the sample possibly resulting from any premature termination reactions
that could have led to the incorporation of smaller amounts of head to head linkages and/or terminal
vinyl bonds in virgin PMMA.
It can be also seen that the curves indicating the evolutions of MLRs for heating rates of 15 and
20°C/min are almost identical, but those observed for lower heating rates (5 and 10°C/min) have
noticeable differences. Generally above 300°C, steep increases of the MLRs are observed at all
heating rates. Any identifiable differences, shown by the MLR curves at different heating rates, can
be attributed to changes in the kinetics, and probably to slight variations in mechanistic pathways,
of the underpinning degradation processes.  
From the analyses of evolution of MLRs, obtained during the TGA experiments in nitrogen and air,
one could conclude that under the inert atmosphere the thermal decomposition of PMMA takes
place  through  four  successive  steps;  while  under  air,  even  though  the  thermo-oxidative
decomposition of PMMA also takes place in predominantly four steps,  some of these could be
competing. These results are in agreement with the most recent studies on the thermal degradation
of PMMA obtained through a free radical method [12, 15]. It is also believed that the consequence
of an oxidative environment is to render the substrate more unstable as the oxygen bi-radical can
attack the activated hydrogen at the vinylidene functionality to form a hydroperoxide linkage that
can  further  undergo  a  β-scission  [12-13].  Oxygen  can  also  promote  random scissions.  Thus  a
reduction of the initial induction temperature is comparatively lower in the presence of air (from
280oC in nitrogen to 250oC in air). In addition, oxidation of any carbonaceous residue formed seems
to be accelerated and is also found take place at a lower temperature in an oxidative atmosphere
[12,13,25]  However,  the  mechanisms  under  air  are  not  entirely  clear,  and  there  are  some
disagreements between different authors [4, 12, 15-16]. 
4.6. Effect of the oxygen on the thermal degradation
Subtle  differences  in  the  MLRs  are  more  evident  when  the  corresponding  DTG  curves  (at
10°C/min) in both atmospheres are examined (see figure 6).  It is important to note here that these
curves are also representative of the corresponding ones under all other conditions of heating.
As can be seen from the figure 6, the thermal degradation under air occurs relatively faster than
under nitrogen. The mass loss rate curves attained the maximal value around 340°C under air and
370°C under  nitrogen.  The  thermal  degradation  under  nitrogen  is  almost  completely  over  at  a
temperature near to 450°C, whereas under air it is around the 400°C. It is also evident that the
presence  of  oxygen  modified  the  kinetic  parameters,  and  therefore,  it  would  not  possible  to
reproduce the two curves by using same group of kinetics parameters as input.
4.7. Mechanisms of the thermal degradation
With a view to getting more insight into the mechanistic pathways of degradation of PMMA, in the
present  work,  we  endeavoured  to  investigate  the  nature  the  gaseous  species  formed  through
TGA/FTIR  analyses  for  each  heating  rate  and  for  both  types  of  atmospheres.  Under  nitrogen
atmosphere, water, CO, methanol, methyl methacrylate monomer (MMA) and CO2 were detected.
Moreover, a comparison of the gaseous evolutions of the gas emissions and the corresponding MLR
as a function of time closely followed very similar profiles for all the heating rates employed (see
for example in figure 7, at a heating rate of 20°C/min); also note here that CO and methanol were
only detected in very small quantities, and are not shown in the figure.   
It is important to observe  here that the various gaseous species are only qualitatively measured and
then are arbitrarily converted into their corresponding relative intensities. The Table 3 presents the
gas detected during the thermal degradation under inert atmosphere.
The peak of the MLR denotes the formation of MMA. We can also observe a clear correspondence
between the evolution of the MLR and emission MMA. MMA appears to be the primary component
formed through the main pyrolytic reaction, i.e. through depolymerization process. A second peak
corresponding to the generation of CO2 is also observed. The drift in temperature range, between
the peak of MLR and of CO2 emission, could be due to the fact that CO2 is being predominantly
formed from secondary pyrolytic reactions following on from the depolymerization. At the end of
the main degradation, i.e. above 500°C, formation of CO2 was also noticed- this could be attributed
to form from further secondary oxidative reaction of the carbonaceous residue.
From the evolution of gaseous species during the thermal degradation of PMMA under an inert
atmosphere, following steps could be formulated:
1. De-polymerization of PMMA to form MMA;
2. Secondary reactions of MMA and the interaction of MMA and its decomposition products 
with the solid matrix;
3. De-volatilization of the various secondary products  components to form further CO2, and 
generation of a carbonaceous residue;
4. Further reactions of the char residue at the end of the degradative processes
Under air, methyl methacrylate (MMA), carbon dioxide (CO2), water vapour (H2O) and methanol
were detected as the primary fractions. The Table 3 presents the gaseous species detected during the
thermal degradation under air.
Generally under air, the gaseous evolutions are quite similar for all heating rates, so the evolution of
MLR and the gaseous species are only given for a heating rate of 20°C/min (see figure 7).
Under the inert atmosphere, the main gaseous component was found to be methyl methacrylate
(MMA). However under air, the components from the thermal degradation of PMMA, in addition to
MMA, also consisted of significant amounts of carbon dioxide,  methyl  methacrylate  and water
vapour. 
For a heating rate of 20°C/min (figure 7), MMA, CO2 and H2O were found to be emitted around the
same temperature range, i.e. ca.  around 280°C, which is about  30°C after the peak temperature for
MLR. The evolutionary peak of MMA has a shoulder peak, as in the case of the MLR curve, but it
varies in relative intensity and position. For smaller heating rates, the evolutions of CO2 and H2O
were observed to be slower, and associated curves consisted only of one peak and appeared after the
major peak of the MLR curve. As is expected, the relative intensities of peaks corresponding to
evolutions of CO2 and H2O were smaller at the slower heating rates, but these also correlated well
with the MLR curve as in the case of the highest heating rate of 20oC/min. 
The  differences  in  the  evolutionary  rates  of  gaseous species  and evolution  of  the  MLRs,  as  a
function of the heating rate, indicate a strong influence of the diffusion process of oxygen during
thermal degradation of PMMA. This observation is agreement with a previous study [26], and also
points towards the fact that the overall process of degradation consists of competing reactions. In
addition, different chemical moieties formed in the condensed phase (such as ɛ-PMMA from the β-
PMMA) could also contribute to such degradative pathways.
Through the study of the transformations in the solid phase and evolutions in the gas phase, under
all experimental conditions, would enable one to formulate a four step degradation mechanism in
nitrogen as well as in air, as shown below. The mechanism proposed for thermal degradation under
nitrogen also confirms the mechanism proposed previously in the literature [15]. The mechanism
proposed presented in Figure 8.
4.8. Calculation of the kinetics parameters by a genetic algorithm (GA)
Typically, the degree of conversion or degradation, α, can be represented as:
α=
m0−m
m0−m∞
       
                          (3)
Where m denotes mass of the sample, m0 the initial mass and m∞ being the final mass.
d α
dt
=kf (α ) (4)
Where f(α)=(1-α)n, n being order of reaction, and  k is the rate constant. According to the Arrhenius
rate process:
 
k=A e−Ea /RT                                         (5)
Where A is the pre-exponential factor (s-1), T is the temperature (K) and Ea the energy of activation
(Jmol−1).
For the substrate under consideration (i.e. for PMMA), the final mass, m∞ ~ 0, and we can write:
α=1− m
m0
                        (6)
Therefore, the reaction rate can be written as: 
Where yO2 is the mass fraction of oxygen.  Here δ is taken as 1 under air and as 0 under nitrogen.
In the present study we used a genetic algorithm (GA) method which uses an evaluation function
that compares the curves of experimental data and calculated ones. The accuracy between the two
sets of curves is called the fitness. Many equations of fitness exist in the literature [3-7, 15, 27-28].
In this  investigation,  we used an equation developed by the LNE (The Laboratory National de
Metrology and testing, France) [26], and is given below:
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Where 
x
 and 
y
 are the arrays of experimental and calculated mass loss rates as a function of the 
temperature respectively. The mechanism of degradation is shown in Figure 8 (where v is the 
stoichiometric factor):
 While the corresponding mass loss rate for each phase can be represented as:
1dt
dmPMMA
(9)
211  dt
dm
(10)
322 
 
dt
dm
(11)


433 dt
dm
(12)
                                  (13)
Each reaction is corresponding with four inconnu parameters (A, Ea, n and the stoichiometric ones).
The optimizations of the parameters were carried out using the GA.
The values of kinetic parameters obtained by optimization method of the genetic algorithm are
presented in Table 4. These values correspond to the best value of fitness. The optimization has
been conducted over a wide range (log10 A between 1 and 25, Ea between 40 and 350 kJmol-1 and n
between  0.1  and  5).  The  figure  9  represents  the  comparison  between  the  theoretical  and  the
experimental data under nitrogen.
The kinetic parameters were calculated in two steps. First, the parameters corresponding to thermal
degradation under nitrogen were determined. Then calculation of the parameters of the reactions
under air was done. 
The figure 10 represents the comparison between the theoretical and experimental data, under air,
for heating rates chosen in this study. As can be seen from the above figure, the MLR evolution
curves, calculated by the degradation model, show a good agreement with the experimental results
 44dt
R
dm
obtained during thermal decomposition process of PMMA. Therefore, it is evident that suggested
mechanism along with the kinetic parameters obtained through the GA will allow one to reproduce
the experimental MLR curves very closely.
 In addition, in order to gain a detailed knowledge regarding the evolutionary profiles of the gaseous
species, at each stage that occurs in the condensed phase during thermal degradation, the mass for
the raw polymer as well  for intermediate  material,  as a  function of temperature,  has also been
studied for both atmospheres. These results are presented in figure 11 for a heating rate of 10°C
min-1;  here  the  temperature  ranges  where  the  formation  and consumption  of  each intermediate
material can be also identified. It should be also noted that  results obtained at this heating rate are
representative of the ones obtained for all other heating rates. 
Generally,  the profiles of the mass loss curves indicate that the initial mass of PMMA changes
quickly with increase of temperature, and this could involve the formation of intermediate phases. It
can be also noted that the original mass is almost totally consumed when the temperature is above
than  350  °C  under  nitrogen  and  375°C  under  air.  In  addition,  under  nitrogen  the  α-PMMA
component appears to be present until the temperature reaches 375°C, whereas the corresponding
temperature under air is about 325°C. Subsequently, the β-PMMA component seems to be totally
consumed totally when the temperature is more than 400 °C under nitrogen and 375°C under air.
The  final  solid  phase,  the  γ-PMMA component,  is  believed  to  be  completely  consumed  at  a
temperature  around 425°C under  nitrogen and at  about  400°C under  air.  As can  also  be  seen,
presence of O2 slows down the induction of the initial thermal degradation of PMMA; however, it
accelerates degradation towards the end. These effects can be attributed to the inhibition of the
degradative  steps,  stemming  from  the  bi-radical  nature  of  molecular  oxygen,  while  at  higher
temperatures  O2 molecule  facilitates  oxidative  reactions  thus  resulting  in  the  conversion  of
carbonaceous material to its gaseous oxides [9-15].
In fact, the results show that the model is in good agreement with experimental results obtained
through TGA at the two concentrations of oxygen (i.e. at 0 and 21 vol.%). However, owing to the
large  variations  in  heating  rates  and/or  availability  of  oxygen  under  a  real  fire  scenario,  such
observations in small-scale controlled heating regimes cannot be applied to  actual behaviour of
PMMA in real fires [28]. Hence the model and the associated kinetic parameters cannot be validated
for real scale fire conditions.
  
In  order  to  check  the  validity  of  the  model,  at  the  current  scale  and for  intermediate  oxygen
concentrations, theoretical and experimental were compared at oxygen concentrations of 10.5 and
15 vol. % and at different heating rates (see in figure 12). 
As can be seen from figure 12, the model is in good agreement with the experimental data for all the
heating rates employed in the present work (notice also that the model data has been obtained by
using kinetic parameters reported in the Table 4).
There are several literature precedents where Arrhenius equation has been used [3-7, 31-32] in order
to  describe  reaction  rates  of  thermal  degradation  processes  of  solid  polymeric  materials.
Furthermore, several authors used a linear relation between log (A) and activation energy, Ea [29,
33]; however, generally, the equation excluded the term related to oxygen concentration (this term is
included in the equation given below): 
dα
dt
=A exp (−Ea|RT )(fα ) yo 2δ        (14)
Where  δ is  the  Kronecker  symbol and YO2,  the  mass fraction  of  O2;  these  only considered for
oxidative reactions, and it is omitted for pure pyrolytic processes.
It is highly relevant to note here that there is a serious drawback when we use the above form of the
equation. For example, the relation yields a finite, however small, value for the rate of reaction even
under  nominal  temperatures,  for  instance  at  20oC,  regardless  of  the  values  of  other  kinetic
parameters.  This seems to suggest that the material could undergo degradation even at ambient
temperatures.   
In  addition,  the  real  role  played by molecular  oxygen in the degradation process(s)  of  PMMA
cannot be fully understood, nor could be explained beyond all reasonable doubts. Its probable dual
role,  i.e.  as  a  catalyst,  or  as  a  reactant,  depending  on  the  reaction  under  question  cannot  be
deciphered with certainty. For example, in the case of flaming combustion of PMMA, in a real fire
scenario, the concentration term for oxygen needs to be incorporated in the equation, and therefore,
molecular oxygen needs to be considered as reactant and not as a catalyst. However, at least in the
case of initial  stages of degradation (i.e. well  before the onset of flaming combustion),  oxygen
seems to stabilize the PMMA substrate, and in doing so, it does not aid in mass loss [4, 13].  
In short, the actual nature and time frame when molecular oxygen switches its preference for its two
possible  roles  cannot  be  established  with  any  certainty.  Moreover,  there  was  no  additional
information obtainable regarding the exact role of oxygen, through examining the gaseous species
emanating from PMMA under nitrogen and air in the present study, as the species identified were
almost similar. 
In addition, as FTIR technique could not detect O2, owing its infrared inactivity, and therefore the
consumption of oxygen could not be observed. Ideally the mass fraction of oxygen, YO2, should be
determined  during  the  experiment  as  it’s  estimated  value  by  using  the  GA  method   gets
compensated with other parameters like, A and Ea. In order to avoid such a problem, techniques that
can directly and quantitative measure oxygen need to be employed as a complementary requisite. 
5. MAIN CONCLUSIONS 
The thermal degradation of poly (methyl methacrylate) has been assessed using TGA coupled to an
FTIR. In the present work, a four-stage degradation process was observed for the PMMA sample
under nitrogen and air.  The hyphenated technique employed (i.e.  TGA/FTIR) did not yield full
information  regarding  thermo-oxidative  degradation  of  PMMA,  especially,  the  role  played  by
molecular oxygen. A genetic algorithm method [25] was effectively employed to predict the overall
mass-loss rates during in any given experimental condition. The MLR evolution profiles, calculated
by the decomposition model, showed a good agreement with experimental results. The hyphenated
technique  employed (i.e.  TGA/FTIR) did  not  yield full  information  regarding thermo-oxidative
degradation  of  PMMA,  especially,  the  role  played  by  molecular  oxygen.  To  obtain  a  fuller
understating  of  underpinning  physio-chemical  processes  of  thermo-oxidative  degradation  and
ensuing flaming combustion behaviours of PMMA, it is highly desirable to develop an appropriate
complementary technique for the real-time measurements of oxygen concentration. 
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Table 1. Elemental composition of black PMMA.
Element Composition
(wt. %)
Carbon (C) 59.1
Hydrogen (H) 7.9
Oxygen (O) 31.9
Nitrogen (N) <0.3
Sulfur (S) <0.2
Chlorine (Cl) 0.1
Water (H2O) 0.6
Table 2. Characterization data for black PMMA by SEC.
Sample Mn Mw PDi
1 178,670 639,340 3.6
2 150,440 578,480 3.9
Table 3. Temperature ranges for the evolution of the gaseous species (detected at 20°C min-1 under
nitrogen).
under nitrogen Under Air
Gas
Temperature range Temperature range
start end maxim
a
start end maxim
a
Water
vapor
150°
C
500°
C
460°C 260°
C
470°
C
400°C
MMA 140°
C
450°
C
390°C 115°C 450°
C
345°C
CO2 220°
C
500°
C
420°C 270°
C
470°
C
390°C
methanol 425°
C
465°
C
440°C 410°
C
445°
C
430°C
CO 445°
C
455°
C
450°C - - -
1
Table 4: The kinetic parameters of the reactions calculated by using GA method.
Reaction
N°
Substrate Product 
Under nitrogen Under Air
Kinetic parameters Kinetic parameters
log10A  (s-
1) Ea (kJ mol
-1) n
Log10A (s-
1)
Ea (kJmol-
1)
n 
1 PMMA α PMMA 16.5 158.0
3.9
0.98 16.00 158.00 3.90 0.98
2 α PMMA β PMMA 10.8 154.4±1
0.85
0.60 14.83 180.00 0.75 0.83
3 β PMMA ɤ PMMA 17.0 161±1
1
0.17 10.65 144.09 0.90 0.07
4 ɤ PMMA Residue 14.3 215.0
0.83
0.02 14.11 196.00 0.735 0.02
2
Figure 1. Mass loss and Mass loss rates versus time for the thermal degradation of PMMA at 20°C
min-1 under an inert atmosphere (nitrogen).
Figure 2. The DSC trace of PMMA.
Figure 3. The variation of the Heat capacity of Black PMMA as a function of the temperature.
 Figure 4. Mass loss (a) and Mass-loss rates (b) versus temperature for the thermal degradation of
PMMA at different heating rates under nitrogen.
a b
Figure 5. Mass loss (a) and Mass-loss rates (b) versus temperature for the thermal degradation of
PMMA at different heating rates in air.
a b
Figure 6. Mass-loss rates versus temperature at 10°C/min under nitrogen and air.
Figure 7. The evolution of the MLR and the principal gaseous components from PMMA
degradation as a function of temperature, for a heating rate of 20°C/min.
under nitrogen (H2O × 2 and CO2 × 10) Under Air
Figure 8: The reactions occur during thermal degradation.
Figure 9. The theoretical and experimental curves under nitrogen
5°C.min-1 10°C.min-1
15°C.min-1 20°C.min-1
Figure 10.  The theoretical and experimental curves under air.
5°Cmin-1 10°Cmin-1
15°Cmin-1 20°Cmin-1
Figure 11. Comparison of the mass loss evolution for the different component in the solid phase of
PMMA (heating rate =10°C min-1).
 
under N2 under Air
Figure 12. Comparison between the theoretical and experimental data for different heating rates
(10.5 and 15 vol. % of O2).
10.5 vol. % O2 15 vol. % of  O2
